EXPERIMENTAL ARRANGEMENTS AND METHOD OF MEASUREMENTS.
The crystals used were some isolated large ones kindly furn ished hy Professor Brown who had prepared them hy sublimation. They were found to be more satisfactory than 2. The same procedure was followed as that described in (l) .except that the crystal was exposed continuously to light of constant intensity.
The behavior of the crystal under these conditions is shown in Table 1 The results for this procedure are given in Table 2 and in Fig. / The results are summarized in Table 3 • The data obtained is shown in Table 4 
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CONSTRUCTION OF SELENIUM BRIDGES.
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NOTES ON T H E CONSTRUCTION OF SELEN IU M BRIDGES.

E. O. D IETER IC H .
The value or effectiveness of a selenium bridge depends upon several factors; namely:
1. The resistance of the bridge. 2. Its permanence, or stability. 3. Its sensitiveness, i. e., the ratio of the resistance of the bridge in the dark to that in the light.
4.
The shape of the wave-length-sensibility curve.
This paper summarizes the results of an investigation of the conditions governing the production of selenium bridges of certain types.
In this investigation bridges of the Bidwell type were constructed; that is, two parallel wires were wound spirally around an insulating form, and the spaces between the wires were filled with selenium. In applying the selenium to the form the following method was adopted. The form was first heated to a tem perature slightly above th at of the melting point of selenium, 217°C., and then the selenium, in stick form, was rubbed over the heated surface. In this way, a thin, uniform layer of selenium was obtained which crystallized immediately, on cooling, to the gray metallic variety, which is conducting and light-sensitive. How ever, in these experiments, the resistance was, in general, very high, and the sensitiveness low. The samples were, therefore, subjected to an annealing process; i. e., they were kept in an electric oven at a high tem perature for some hours. A fter annealing each sample was imme diately transferred to a glass tube which had been carefully dried and which was then securely sealed to prevent the access of moisture and vapors. W ith these precautions all of the samples were found to be permanent, with respect to light sensitiveness, at least throughout the duration of this investigation, and very steady.
To analyze the bridges the same method of procedure was followed as that described by Doctors Brown and Sieg1, and the same apparatus was used. The analysis revealed several new types of wave-lengthsensibility curves. I t was found th at some bridges, instead of showing a maximum sensitiveness to red light, were most sensitive to blue light. In general, two types of curves resulted; those th a t showed a maximum at wave lengths shorter than 640uu, and those th at had a maximum at 17 wave lengths greater than 640uu. Those which showed a maximum above 640uu had a pronounced minimum at 640mm, a broad maximum at the shorter wave lengths, and a sharp maximum at either 700uu, or 720uu. Maxima were found at the following wave lengths in various samples: 440uu, 500uu, 550uu, 700uu, 720uu, and 800uu. The location of the maxi mum was found to be dependent upon the method of annealing; those samples annealed at tem peratures above 190°C. had a maximum in the blue, while those annealed at tem peratures below 190° C. showed a maximum in the red.
The resistance of the bridges, also, was found to vary with the pro cedure adopted in annealing, in a m anner previously described by Ries2, who, however, gave this phase of the subject but a very brief considera tion. W ith very few exceptions, the samples annealed at a tem perature near the melting point of selenium had a low resistance. Some of those that were annealed at 180°C. or 190°C. were given a short prelim inary heating at 210-215°C. I t was found th a t those so treated also had a low resistance, while others made at the same time but not given this prelim inary heat treatm ent had a resistance much higher, in some cases, ten to fifteen times as great.
W ith regard to the conditions governing the sensitiveness of the bridges much cannot be said at this time, except that the sensitiveness also seems to be dependent solely upon the method of annealing. Two samples, much more sensitive than the rest resulted, and, as far as is known to the author, the only difference in making was in the tem pera ture control during the annealing process. These samples, however, did not retain their high sensitiveness, nor has it been possible to duplicate them.
A more complete discussion of the results of this investigation is in preparation, and is soon, to be published in the Physical Review.
The w riter wishes to acknowledge his indebtedness to Doctor Brown and to Doctor Sieg for the use of their apparatus and for their many helpful suggestions. [Reprinted from the P h y s i c a l R e v i e w , N.S., Vol. IV, No. 5, November, 1914.] T
H E IN F L U E N C E OF A N N E A L IN G ON T H E C H A R A C T E R IS TIC S OF L IG H T -S E N S IT IV E S E L E N IU M .
Bv E. O . D i e t e r i c h .
A N extension, by Brown and Sieg,1 of the work of Pfund in analyzing selenium cells by m eans of the spectrum revealed the fact th a t, classified according to their wave-length sensibility curves, a great num ber of different types of selenium cells were possible. Previous investiga tions by Pfund,2 Stebbins,3 Brown and Sieg,4 and Nicholson5 pointed to the conclusion th a t a typical wave-length sensibility curve existed which was essentially the same for all selenium cells, for, in all cases recorded, a maximum in the red end of the spectrum was found. T he cells inves tigated were, in general, m ade by either G iltay or Ruhmer. T he process of making these is a trade secret, b u t it is quite likely th a t the same m ethod of crystallization is followed in all the cells of either one of the above types. Pfund, in his earlier experiments, used some cells of his own construction; these, too, were all crystallized in the same m anner.
In some later experiments by Brown and Sieg, cells prepared by the author were used. Sensibility curves were obtained which differed widely, some showing a maximum in the red, some having hardly any sensitive ness in the red b ut a maximum in the blue. An analysis of the d ata covering the m ethod of construction of these revealed the fact th a t the crystallization of the selenium took place under different conditions in the different samples. This im mediately suggested the possibility th a t a better knowledge of the conditions governing the construction of light sensitive selenium cells m ight be of assistance in explaining the action of light sensitive selenium. W ith this purpose in view, the investigation summarized in this paper was carried out. This paper will describe the m ethod followed in m aking the cells, and will show th a t the resistance and the shape of the wave-length sensibility curves of selenium cells can be controlled by varying the process of annealing. A simple explanation for the different types resulting will also be offered.
1 P h y s . R e v . , Series 2 , IV. p., 48, 1914. 2 P h y s . R e v . , XXVIII., p. 324, 1909; X X XIV ., p. 370, 1912; Phil. Mag., VII., p. 2 6 , 1904.
• Astrophys. Jour., XXVII, p. 183. 4 P h y s . R e v . , Series 2, II., p. 487, 1913. 6 P h y s . R e v . , Series 2 , III., p . 1, 1 9 1 4 .
[S e c o n d LSe r i e s .
M e t h o d o f M a k i n g .
The cells, of which about 40 were constructed for this investigation, were all of the Bidwell type, i. e., two parallel wires were wound spirally around an insulating form and the spaces between the wires filled with selenium.
The selenium used was some in stick form from Merck. No steps were taken to further purify it, since it is, according to other observers, quite pure. Moreover, P fund1 has shown th a t the presence of metallic selenides does not affect the shape of the wave-length sensibility curve. In a few samples made, rather impure selenium was used, and the cells resulting were not as satisfactory as those m ade with selenium from Merck. T he resistance of these was, in general, very high, and they were sluggish in action although they had essentially the same characteristics as those m ade from the purer element. M arc2 has observed th a t impure selenium crystallizes less completely in a given tim e than pure selenium. To this fact the unsatisfactory action of the samples made with impure selenium is ascribed.
As insulating m aterial soapstone was used. A t first, glazed porcelain was tried, b u t it proved unsatisfactory on account of the difficulty of working into forms. T he advantages of the talc over the porcelain are evident. It is ju st as efficient as an insulator, besides being much softer, and, therefore, capable of being easily machined.
Several kinds of wire were tried as electrodes, copper, nickel, platinum , Germ an silver, and Advance wire. Again although selenides are formed during the crystallization process, due to the high tem perature, the shape of the wave-length sensibility curve will not be changed, although the sensitiveness and the resistance of the cell will be affected. These points are to be verified in some later work. Copper, Germ an silver and Advance wires have this disadvantage th at, a t the tem perature of an nealing, a film of oxide covering the wire is readily formed. This so m aterially increases the resistance of the cell as to m ake it practically useless for investigation except with very sensitive apparatus. Nickel wire is m uch less easily oxidized and proved as satisfactory as platinum wire, besides being less expensive, and was used in all except the first few cells.
T he size of the sensitive surface was about 1X 3 cm., except in the first few cells which were larger. T he distance between the electrodes was a little less th an 1 mm.
In applying the selenium to the form the following m ethod was adopted as being the m ost satisfactory. The form was heated, on a hot plate, to a tem perature ju st above the m elting point of selenium, 2170 C., and then the selenium, in stick form, was rubbed over the heated surface immediately on removing from the hot plate. As is well known, with this treatm ent, the selenium a t once changes, on solidification, to the gray m etallic variety and is conducting and light sensitive. By this m ethod smooth, thin films of selenium were obtained. However, in all cases in which the samples were tested out im m ediately on m aking, the resistance was found to be very high, of the order of io 8 ohms, and the sensitiveness, even under intense illum ination, in no case greater th an 5 to 1. (By sensitiveness is m eant the ratio of the resistance of the cell in the dark to th a t in the light.) Upon m aking, therefore, the cells were " annealed," the process taking place in an electric oven whose tem pera ture could be quite accurately controlled. I t is in this " annealing" process, which consists merely in keeping the cells for some tim e a t a high tem perature, or in gradually changing the tem perature, th a t the changes which im part different characteristics to the cells take place. This will be described in greater detail in a later section since it is varied from cell to cell. In general, all the samples received the same trea tm e n t after annealing. T hey were allowed to come to a tem perature of 170° C. while in the oven, then removed and placed in small glass tubes which had been thoroughly cleaned and dried. They were then sealed to prevent the access of m oisture and other vapors, and allowed to come to room tem perature. Usually they were allowed to rest for 24 hours before being investigated, being kept in a light-tight box in the meanwhile. W ith these pre cautions, all the samples were found to be perm anent, w ith respect to light sensitiveness, a t least throughout this investigation.
A t first, the m ethod generally described for crystallizing th e selenium namely, heating it for a few m inutes a t about 180° C., was followed. The first cell m ade in this w ay had a high sensibility b u t was not per m anent. The next few samples were not a t all satisfactory, so the m ethod was abandoned. Instead, the cells were annealed a t higher tem peratures and a longer tim e was taken for the process. B y this m ethod samples were obtained which were quite satisfactory in respect to sensitiveness.
C h a r a c t e r i s t i c s o f t h e C e l l s .
The cells were investigated with respect to resistance, sensitiveness, shape of wave-length sensibility curve and permanence.
E. 0. DI ETERI CH.
[ S e c o n d S e r i e s .
Resistance.
T he resistance of the cells was m easured by means of a W heatstone bridge. Since the resistance varies with the voltage impressed upon it, the same E .M .F., 16 volts, was used throughout.
Here the observations of Ries1 in regard to the variation of resistance w ith annealing were verified. Thus Ries records two samples which were heated a t different tem peratures, and shows th a t the higher the tem perature to which the cell was heated the lower was its resistance. His m ethod differs from th a t employed in this investigation, however, in th a t he subjected the individual cells to a series of tem perature changes, alternately heating and cooling each cell, and measuring its resistance and sensitiveness while it was a t room tem perature. In these experi m ents each cell was subjected to a high tem perature but once, b ut the results were the sam e as those obtained by Ries. From the above table the influence of annealing on the resistance of the cells can be clearly seen, namely, th a t the higher the tem perature of annealing and the longer the time, the lower is the resistance.
I t was further found th a t if the cells were heated for a short time only a t a high tem perature and the annealing carried on to completion a t a lower tem perature the resistance of the cells was m aterially reduced^ This fact is shown in Table II The resistance of the freshly m ade cells was, in general, low, but increased gradually, reaching a constant value in a few weeks after making. This gradual, perm anent increase is no doubt due to the con traction of the selenium and its consequent tearing aw ay from the electrodes. The resistance of the various samples ranged from 12,000 ohms to 42,000,000 ohms.
Light-Sensitiveness.
W ith regard to the effect of annealing on the sensitiveness of the cells not much can be said as a result of these experiments. Two cells of rem arkably high sensitiveness were obtained, b u t this was not perm anent, the sensitiveness decreasing to about 1/5 of the original value in less than one m onth. T h a t phase of the subject is under investigation a t the present time, nothing definite having been discovered thus far, however. The sensitiveness of the samples, with the exception of the two mentioned above, varied between 5/1 and 20/1, using a 16 c.p. light a t a distance of 30 cm. as a source of illumination.
The Wave-Length Sensibility Curves.
In order to determ ine the wave-length sensibility curves, the same method of procedure as outlined by Brown and Sieg1 was followed and the same apparatus was used. Three periods of exposure of the cell to light were used; .4 sec., 10 sec., and 30 sec., the tim e of exposure depending upon the resistance of the cell. T he range, in general, was from 460 nn to 800 nn, since a t values lower th an 460 nn the energy of the source was not great enough to measure very accurately. The exposure always took place in the order from short to long wave-lengths, since Brown and Sieg have shown th a t the order of exposure does not affect the shape of the curve. The slit w idth and other factors were kept constant throughout the investigation.
It was found that, except in a few cases, the shape of the wave-length sensibility curve did not change, w hether the intensity of the incident light were high or low, or w hether the tim e of exposure were long or short. This is shown by the curves for cell No. 10 in Fig. 1 . Here the wave-lengths are plotted as abscissa;, and the change in resistance, which is proportional to the deflection of the galvanometer, as ordinates. A wide variety of types of sensi bility curves resulted,m axim a being obtained a t points not previously recorded. Fig. 2 shows the location of some of the m ost pronounced m axim a developed in this investiga tion. These curves are not plotted to the same scale and, hence, do not show the relative sensibility of the cells; neither do they represent all the types possible to obtain. A t the following wave lengths definite m axim a were found: 440 mx, 500 fifi, 550 nn< 700 h/j., 720 nn and 800 nnFrom Fig. 2 it is seen th a t the cells can be divided, in general, into two groups, viz., those th a t have their m axim um sensibility a t wave-lengths greater th an 640 /*/*, and those in which the m axim um occurs a t wave lengths shorter th an 640 nn-In no case was a m axim um found a t 640 nn, nor has the author been able to find one recorded a t this point.
One type of cell represented by No. 19, Fig. 2 , has two maxima, both of about the same m agnitude and very sharply defined, one in the violet a t 440 nn, and one a t 700 nn or 720 nn-This type is obtained when, after applying the selenium to the form in the m anner previously described, it is heated for about 10 hours a t 180° C. Fig. 3 shows the effect of a variation in the tem perature of annealing on the shape of the wave-length sensibility curve. This set of curves is typical of a large num ber obtained when the conditions of tem peratures were the same as those indicated here. some time, in this case, 4 hours. This type shows a maximum about 500 uu, and very little sensitiveness above 640 u u (B ), Fig. 3 , represents the type resulting when the cell on making is subjected for a short tim e to a tem perature of 210° C., in this case 1 hour, the tem perature then allowed to fall to 200° C. and kept constant a t this point for 4 hours. Here is seen a change in the shape of the curve and a hint of a m axim um in the red.
(C), Fig. 3 , represents the type obtained when the cell is heated a t 2100 C. for 30 min., the tem perature allowed to fall to 190° C. and kept constant there for 6 hours.
(D), Fig. 3 , represents the type resulting when the cell was heated for 30 min. a t 210° C. and then a t an average tem perature of 170° C.
The control of the m axim um in the red end of the spectrum is clearly shown by the curves in Fig. 3 . As the tem perature of annealing becomes lower, the m axim um in the red becomes, relative to th a t in the blue, gradually higher, until in the type (D ) it exceeds th a t in the blue.
In each case described above the preliminary heating a t 210° C. was given in order to lower the resistance of the cell, as was seen to be the case earlier in this paper. This was done in order to increase the accuracy of the m easurem ents, for the apparatus for obtaining the curves is more sensitive and, hence, more accurate, the lower the resistance of the cell measured.
The m ost obvious explanation of the variation found in the different types of cells, in the light of recent work on selenium, rests on the probable difference in the crystals composing the various types. As we have seen, a rough classification into two general types can be made, those most sensitive to red light and those m ost sensitive to blue. Recently Pro fessor Brown1 has succeeded in producing several new forms of selenium crystals of the gray metallic variety by sublimation. A cell made by depositing one variety of these on a form was found to have a maximum a t 780u u . I t is not im probable th a t the maximum sensitiveness of a cell composed of crystals of another variety should lie in the blue end of the spectrum.
In some recent investigations, the results of which have not yet been published, Drs. Brown and Sieg have found the maximum sensitiveness of a single crystal of a certain variety to be in the red end of the spectrum. In another variety two maxima were found, one in the long wave-length and one in the ultra-violet. Moreover, the location of the maximum is found to be dependent upon such factors as the angle of incidence and the intensity of the exciting light, the face of the crystal illuminated, etc. The explanation of the different types of cells on this basis, then, is simple. A cell, such as is represented by (A ), Fig. 3 , m ay be assumed to contain crystals which are sensitive to a great extent only to blue light, and few or none a t all of those sensitive to red light. In other words, the tem perature a t which this type is annealed is too high to allow the formation of crystals sensitive to red light. A nother type, (C), for instance, m ight be thought of as containing a m ixture of the two varieties, the am ount of the " red " crystals present not being sufficient to overcome the effect of the " b lu e" crystals. The type represented by cell No. 19, Fig. 2 , can be explained on the same basis, i. e., composed of crystals having maxima both in the red and in the ultra violet, and in which the point of maximum sensibility has been shifted towards the visible spec trum , due to a variation in some one or more of the conditions governing the formation of the crystals. The occurence of m axim a separated by only a few wave-lengths can be explained by assuming a difference in the orientation of the crystals in the various cells, so th a t in different cells different crystal faces are exposed. Or, the light transm itted through the surface layer m ay suffer changes, by reflection from the crystal sur faces, causing an effect different from th a t it would have were it direct. This effect m ight be m anifested by a shift in the maximum.
If the above conclusions are correct, the problem of the explanation of the light sensitiveness of selenium reduces to an explanation of the changes taking place in the single crystal under the influence of light and other agencies.
